Quantitative reconstructions of past land use facilitate comparisons between livelihoods in space and time. However, comparison between different types of land use strategies is challenging as land use has a multitude of expressions and intensities. The quantitative method presented here facilitates the exploration and synthetization of uneven archaeological and textual evidence from past societies. The approach quantifies the area required for habitation, agriculture, arboriculture, pasturage, and fuel supply, based on a combination of archaeological, historical, ethnographic and modern evidence from the relevant geographical region. It is designed to stimulate discussion and can be used to test a wide range of hypotheses regarding local and regional economies, ancient trade and redistribution, and the resilience and/or vulnerability of past societies to environmental change. The method also helps identify where our gaps in knowledge are in understanding past human-environment interaction, the ecological footprint of past cultures and their influence on the landscape in a transparent and quantitative manner. The present article focuses especially on the impact of dietary estimates and crop yield estimates, two main elements in calculating land use in past societies due to their uncertainty as well as their significant impact on calculations. By employing archaeological data, including botanical, zoological and isotopic evidence, alongside available textual sources, this method seeks to improve land use and land cover change models by increasing their representativeness and accuracy.
Introduction
Land use is a function of two overarching groups of factors: (1) the properties of the physical environment, and (2) sociocultural characteristics. The former group includes climate, topography, the chemical and physical properties of soil, and water resources. Attributes of the latter group are a product of any given society's historical, cultural, technological, and organisational features, including diet, animal production strategies, agricultural practices, industries and trade. While substantial attention has been devoted to understanding the spatial pattern and intensity of continentalto global-scale land use in the context of the physical environment (e.g., [1] ), global analyses have treated the sociocultural drivers only superficially. For the present and recent past (since about AD 1960), sociocultural information in the form of statistical data on crop and animal production (e.g., [2] ) have been successfully combined with space-borne remote sensing to create high-resolution maps of land use intensity [3, 4] , crops produced [5] , and, aggregated with information on population density and natural vegetation, anthropogenic biomes (anthromes, [6] ). For the more distant past, lack of aggregate, large scale data, particularly on sociocultural characteristics, has made land use reconstruction more difficult, uncertain, and subject to large disagreement between scenarios [7] .
Acknowledging that land use in the past has important consequences for the current state and future of the terrestrial biosphere (e.g., [8] [9] [10] ), and may have caused regional and global climate change (e.g., [11, 12] ), interest in reconstructing land use and anthropogenic land cover change in the past has steadily increased in recent years. All current approaches to reconstructing historical land use at large-scales are limited, however, in their use of information on the sociocultural characteristics that influence land use. At best, researchers acknowledge that past land use, even in regions with similar climate or soils, differed qualitatively (e.g., [13] ). The more general situation is, however, that the most widely used scenarios of past land use [3, 8, 14, 15] largely ignore the spatial and temporal variation in diet, technology, trade, etc. that present day observations suggest must be at least as important as the physical environment in determining the spatial pattern and intensity of land use [4] . Improving inventories of land use change over time, and therefore our understanding of the past, present, and future of the terrestrial biosphere, demands a new approach to sociocultural characteristics that quantitatively accounts for the wide variety of livelihoods, social systems, and networks that were employed over human history.
The concept of quantifying land use on the basis of archaeological and historical observations is not new. At the scale of individual settlements, or more generally for certain regions and periods, intensive research (e.g., [16] ) combined with experimental techniques (e.g., [17] [18] [19] ) and ethno-archaeological studies of pre-mechanised farming (e.g., [20] ) have led to the development of inventories and scenarios of land use. The detailed analysis of Neolithic land use in the Central European context performed by Gregg [21] , is among the most comprehensive examples of a quantification of land use in a prehistoric society. Gregg estimated the amount of land devoted to settlements, crops, fallow, pasture, and forest browse based on reconstructions of diet, animal production strategies, and exploitation of wild resources, and presented these both in a series of tables and graphically in a schematic diagram representing the relative proportions of land dedicated to certain uses in a rectangular form.
The difficulty in collecting sufficient quantifiable data has meant that increasing the spatial and temporal scope of this type of work has, to-date, been largely undeveloped. But an overview of the range of types of land use is increasingly desirable. Not in the least, such a quantification can provide a fundamental bottom-up description of land use categories used in the anthromes concept, and for modeling human-environment interactions. In a review and classification of subsistence livelihoods in Iron Age sub-Saharan Africa, Kay and Kaplan [22] provided a rationale for a new type of land use modeling and performed a quantitative synthesis of the sociocultural characteristics of land use using methods similar to those of Gregg [21] . Instead of presenting the visualization of land use in a rectangle as Gregg does, Kay and Kaplan introduce a new type of visualization called a "circle diagram", where the variety of land uses are presented in a series of nested pie-charts, with individual wedges reflecting specific land uses, and the concentric rings qualitatively illustrating land use intensity. The circle diagram illustrates a generalised view of land use given properties of the physical environment that are "typical" for the place and time where the society in question existed; comparisons between circle diagrams therefore reflect both sociocultural and physical drivers. While circle diagrams figure prominently in [22] , the theory and computational process behind the circle diagram are not developed in detail in that publication. In the present paper, we set out to explain the circle diagram, and more generally the process of quantifying land use in prehistoric societies, in sufficient detail to allow further application of both the data synthesis method and the preparation of visualizations.
In the following sections, we outline the strengths and limitations of the method, and illustrate its flexibility and adaptability to different regions, time periods, and cultures. To illustrate the method, we present both a general overview, including the composite components and methods of calculation, followed by a hypothetical case study, where we highlight the importance of two fundamental variables, reconstructed diet and crop yields, to test the robustness of the technique. We use data from the ancient Peloponnese (Greece), which is characterised by a long and well-researched history that provides much of the essential data on ancient livelihoods, diet and social organisation necessary to construct circle diagrams [23] , to illustrate the quantitative methodology and visualisations. While the examples presented in this paper are limited to the Peloponnese, the method has been designed to be adaptable to any region and/or period, provided the availability of a reasonable level of information of sociocultural characteristics and the physical environment.
Materials and Methods
Calculating per capita land use is a combination of past sociocultural practices, in particular diet, agricultural practices, non-agricultural production and social organisation, with properties of the physical environment, which modulate land use through primary productivity, carrying capacity and the amount of land dedicated to anthropogenic activities. Sociocultural elements of past societies varied considerably based on technology, cultural norms, belief systems and ideologies as well as geographic setting and climatic conditions. Evaluations of land use in past societies require information on these diverse issues, drawn from the often fragmentary archaeological and historical records of specific regions, to be synthesised into a quantifiable format.
The methodology for developing circle diagrams is highly flexible, being readily adaptable to different livelihood strategies, and able to explore past land use in regions where the archaeological and historical record are of varying quality, while remaining easily altered based on new hypotheses, discoveries and data. Any such quantitative syntheses will inevitably require a degree of generalisation dependent on the quality of available data sources. While this method will be a tool for adding significant and sought-after detail in the effort to improve quantitative models of preindustrial anthropogenic land cover change [24] , the level of generalisation may be considered very high in the archaeological communities. Therefore, transparency of both the available data and the methodology employed is paramount, as is outlined and discussed in this paper.
Circle Diagrams
Circle diagrams are used as a means of quantifying and graphically illustrating the amount of land required, in m 2 , to sustain the livelihood of a given population for a single year. This novel means of illustrating land use is designed to translate knowledge of past cultures and human practice into a quantified illustrative format demonstrating the terrestrial footprint of a past culture. Although this paper builds significantly on [22] , substantial additions have been made. These have increased the comprehensiveness and complexity of the calculations, particularly in relation to livestock management, crop production and use, population dynamics and secondary products. In addition, in place of land use categories based on perceived intensity of land use, the current study employs a systems-based approach, i.e., field crop cultivation, tree crop and woodlot exploitation and livestock pasturage, that allows for nuanced quantifications of the different intensities and scales of land use based on seasonality and agricultural practices. The resulting circle diagram is not meant to be physically placed on the landscape, nor realistically depict the spatial distribution of land use on the landscape for a given settlement or period. The circle diagrams are not designed to depict the actual spatial configuration of land use, as done with Von Thünen models. Instead, they are designed to be abstract quantifications of land use, without topographical, climatological or ecological factors, that allow the calculations, and thus the archaeological record, to be incorporated into quantitative land use models, which subsequently determine the best configuration for this land use based on soil conditions, local climate, slope and elevation as well as other environmental factors (see Section 4.1). A further benefit of circle diagrams is that they produce a visualisation of ancient land use in which land use requirements are converted onto a single comparable scale. Although they may appear similar to the graphic display of catchment analyses commonly performed during the 1970s and 1980s within the framework of processual archaeology [25] , these theoretical diagrams are not designed to realistically depict land use for a given settlement or landscape but rather to demonstrate the quantity of land that would be required to support the livelihood of the population.
In this work, circle diagrams are divided into three closely interlinked systems, field crop cultivation, tree crop and woodlot exploitation, and livestock pasturage, with the settlement visually located at the centre as seen in Figure 1 . The circle diagrams can further highlight the extent of wild resources exploited through hunting and gathering activities. In cultures where these elements composed a significant factor in land use, such as those that did not practice agriculture and livestock husbandry, this becomes a prominent feature of the quantified land use activities [22] . While the circles reflect the required spatial extent in m 2 , the various land use categories differ in terms of the intensity of land use. The settlement area generally represents the highest intensity followed by activities such as field crop cultivation, while livestock pastures would have been lower, though still highly significant in terms of the extent of land required. The question of surplus production amongst past societies, particularly those with a high non-rural population, is important in quantifying and discussing past land use due to its potential impact on both a local and regional basis. Attempts to accurately quantify past surplus production are notoriously difficult, as is discussed in various collections dealing with the Greco-Roman world in particular [26, 27] . In the circle diagrams, this complication is currently not distinctly accounted for due to its uncertainty and the inaccuracy of quantifications for most past cultures and periods. Instead, the current models are focused on determining the required land use for a given population, without dictating where in the local or extended region this land use occurred. While the visualisations may imply a self-sufficient system, there are no requirements that limit where in the landscape and/or broader region this land use occurred, with importation and cooperation between settlements being a distinct possibility for most cultures and periods. Due to the complexity and uncertainty of quantifying trade surplus production in past cultures, these elements have been omitted in the current circle diagram models, despite their acknowledged importance in ancient life.
Elements Quantified
The framework employed in this study is designed to incorporate a range of parameters and variables that can be combined to quantify the spatial requirements of land use over time in a specific geographic and chronological context. Although the appearance of these parameters and variables will inevitably differ depending on the case study, we will now outline the five basic components of our calculations.
Settlement
Our method allows quantification of settlements across a range of types and sizes, from individual farmsteads or villages to the largest urban centres. Calculations can also be calibrated to detail nucleated or dispersed settlement strategies by adjusting the population density and land requirements within the settlement component based on the culture in question. As such, it is important when employing the methodology to be explicit about the settlement size and type portrayed as well as the settlement strategy employed by the inhabitants.
The settlement at the centre of the diagram represents the extent of built-up area that can be found in both a nucleated habitation and other structures and buildings found in its surrounding territory, the extent of which may vary considerably according to the level of nucleation. In the diagram, the central settlement area thus represents the calculated spatial extent of habitational practices, which is a function of both population size and the density of habitation. The estimated population and density is informed by the spatial extent of settlements defined through both archaeological surveys and excavation data. If population density cannot be determined, a density of 500 people per hectare (20 m 2 per person) of inhabited space within the settlement can be applied, based on the suggested maximum population density possible in a pre-industrial society [28] . When this density is imposed, the total land required for built residential structures is multiplied by an additional factor, based on the estimated land required for open areas such as gardens, threshing areas, public spaces and buildings, pathways, etc. If the archaeologically estimated density does not include these open areas, a multiplication factor can also be imposed. Density calculations assume that within the settlement area could also be some plants and animals, including intensive garden cultivation, providing vegetables and other elements that are not visible in the botanical record, fruit trees, small livestock, such as chickens and dogs, bees and potentially small-scale intensive field crop cultivation and some larger livestock.
Field Crop Cultivation
Territory required for field crop cultivation is comprised of land for cereals (divided into categories based on region and period) and other types of field crops such as legumes, root crops, flax and other oil/fiber crops. The distribution of land, and the total land required for each crop, is estimated based on the archaeobotanical record and other culturally specific data relating to the diet and economic activities of the population. The minimum quantity of land is then augmented by assuming a degree of loss, conservation of seed for planting in the upcoming season and storage in the event of a failed harvest in the following year. The types of crops and the relative percentage stored for the upcoming year(s) can be estimated from historical and ethnographic evidence, accounting for variations not only across the landscape and between different periods and/or cultures, but also potentially on a year to year and seasonal basis [20, [29] [30] [31] . In addition, where historical and archaeological evidence suggests, cereals grown as fodder for livestock can be estimated dependent on species and importance.
The cultivation regimes of the population of interest, such as fallowing and crop rotation, are important to consider. The calculation of fallow land, in cultures where this was practised, is founded on the amount of land required for cereal crops, where the available records attest to its usage. The proportion of land under fallow is dependent on sociocultural and environmental factors, such as the intensiveness/extensiveness of agriculture and soil fertility (e.g., [18] ) and can be provided independently, or linked to societal complexity as expressed in textual accounts and the archaeological record. The employment of crop rotation substantially reduces the amount of cropland required by a population through increased intensity of land use and the reuse of cropland, for example, a Roman three-field rotational strategy with cereals, legumes and fallow [32] . The types of crops and methods used are accounted for by assuming a degree, defined by available archaeological and/or historical evidence, of land used for cereal cultivation would subsequently be reused for other crops without requiring additional land. In addition, land left fallow may have been used as additional grazing land, with animals consuming the residues and cover crops while also contributing manure to the soil. This multi-use of the field crop lands has been widespread across the world since antiquity, including in Ancient Greece [33] , the Formative Period in the Lake Titicaca Basin [34] and more recently in modern Greece [35] and Australia [36] .
Tree Crop and Woodlot Exploitation
Land required for managed tree crops (i.e., arboriculture), for example, fruit trees, olives and grapevines is calculated primarily from the suggested diet, as well as historically and/or archaeologically attested tree crops available to the populace. Those tree crops known to have been conserved have an additional storage element imposed. In addition, if a tree crop is used for secondary purposes, such as the use of olive oil for bathing, this is also incorporated into the calculations. The overall required yield of fruits and nuts is subsequently reduced due to pests, birds, pestilence and spoil, requiring additional land to meet the requirements of the populace.
An additional component of this second ring is the woodlot, which can be closely intertwined with arboriculture depending on the available evidence [37] . Woodlot is the area necessary to provide sufficient fuel for the settlement, including for metallurgy, cooking and heating, everyday use, and manufacturing of pottery vessels, as well as that required for construction projects. The quantity of wood required for heating, cooking and ceramic production is, typically, lower than that required for metallurgy, especially iron production [38, 39] . The trees that compose the woodlot are assumed to be diverse, with the species suggested by locale as well as botanical and palynological evidence and could include wild fruits and nuts, which may have supplied the populace with gathered foods.
Land allocated to arboriculture and woodlot could further be used as additional land for crop cultivation, for those cultures that practiced intercropping, as well as providing ancillary land for livestock, depending on the management strategies employed by the populace [40] . The distribution of these elements across the landscape varied significantly based on locale and culture. This multi-purpose usage of the managed woodland and tree crops reinforces the interconnectedness of agriculture that was also seen in the field crops.
Livestock Pasturage
The calculations for land required for livestock pasturage are the most complex due to the diverse nature of livestock husbandry and livestock management practices [41] . This quantified area is composed of pasture land for traction and transport animals as well as land necessary to support animals based on dietary consumption and secondary products. For societies not involved in livestock husbandry, such as the !Kung and Hadza hunter-gatherers as illustrated by Kay and Kaplan [22] , this element is omitted. As the animals identified in the archaeological and historical record vary throughout the ancient world, in this article, the major domesticated animals (sheep, goat, pig and cattle) will be discussed to outline how pasturage territory is calculated. The land designated for pasturage is best illustrated based on species, as shown in Figure 2 , with each animal having a different impact on the landscape, i.e., grazers vs. browsers [41] ; however, if desired for a given culture/period/region, pasturage can be calculated and illustrated collectively.
To determine the amount of territory required for livestock pasturage, the proportion of the human diet composed of meat and dairy is established using available resources. This dietary contribution is first estimated based on the archaeological evidence, especially isotopic studies [42, 43] , and historical attestations, as exemplified by Cato (Agr. [56] [57] [58] . Subsequently, the proportion of animal species consumed by the inhabitants is estimated based on the archaeozoological record to establish the estimated number of animals required for meat consumption. Once the animals required for meat are established, those necessary for dairying can be calculated, with the species and quantities consumed being dependent on culture and period investigated. If the number required to supply the calories from dairy is greater than that for meat consumption, additional milk producers are added to the herd. Calculating the animals required for meat and dairying establishes most of the animals subsequently used for calculating the amount of land required for livestock pasturage. In addition to the animals supplying the calorific requirements of the populace are those required in many regions for secondary products, such as hair, wool, traction, and transportation. If the number of animals for meat and dairy is insufficient to supply the quantity of secondary products required by the populace, or different species of animals are employed, additional animals are added to the total herd. The use of animals for traction and transport is calculated based on the requirements of the settlement, and their use of these animals, as attested in the archaeological and/or historical record. The number of traction animals, such as mules, donkeys and oxen, can be estimated based on their attested usage as expressed by pathological evidence on faunal remains, for example, the development of osteoarthritis in the articulations of draught animals [44] . Transport animals, such as camels, mules and donkeys, are estimated, principally on a per capita basis, unless independent evidence can be used to quantify their presence. In addition, prestige animals can be calculated based on an estimation of their presence in the culture studied, grounded on population dynamics and the usage of these animals, i.e., horses for warfare or racing in the Greco-Roman world in particular [45] . Although the identification of transport, traction and prestige animals is difficult in the archaeological record, these animals provided vital services in many cultures, and oftentimes had different land use requirements, for example, the feeding of higher quality fodder to oxen and horses, making their inclusion in the quantifications essential where these animals can be historically and/or archaeologically attested.
While some animal species required land set aside for their usage, there are others that are more ambiguous and do not automatically necessitate designated pasturage, though in some cultures and periods, this was set aside for their use. For example, animals that contribute substantially to the diet in some regions, such as pigs, do not necessitate designated pasturage, being able to acquire their food from a variety of sources [46] . For regions where there is no clear evidence for the designation of land for their usage, these animals are included in calculations of the human diet, but are not visually depicted nor contribute to per capita land use. In addition, animals such as chickens and honeybees, can be included in calculations of diet, where these animals or their secondary products were consumed, without being assigned additional land [47] .
Variability in land requirements and meat yield, as well as the production of secondary products, is dependent on herd dynamics, which can be explored through the archaeozoological record. For example, cattle are divided into six categories with bulls, steers, cows, heifers, yearlings and calves differentiated; sheep are separated into three categories, ewes, rams/wethers and lambs, with pigs having a similar division (boars, sows and piglets) and goats differentiated between adult and young. For each age category, animal weights are estimated based on ethnographic and archaeozoological evidence, with variations in weight altering the calorific requirements and product yield, and thus land use, for the specific age group. The percentage of each category that composes the herds are estimated based on the ages at death and sex differentiation recorded in archaeozoological assemblages, augmented, where necessary, by the inclusion of additional animals needed for dairy and wool requirements. Drawing from the work of Dahl and Hjort [48] , the proportions of each age group that are slaughtered in a given year and compose the herd are imposed with sustainable herd dynamics. By assigning specific herd dynamics, a high degree of flexibility and increased accountability is introduced, enabling the diagrams to more realistically depict the system of land use for a given period, culture or site. This also allows the exploration of site dynamics within a landscape and potential local trade between sites/regions. Manure production and use was an important element of past agriculture that, when applied, could have a highly beneficial effect on crop productivity. As manure regimes varied not only between regions, cultures and time periods but also farmers and land exploitation strategies [17, 49] , it is vital to study the practices of the region in question and accommodate variation that would naturally have occurred in antiquity (e.g., [50] ). Although the usage of manure, and its effects on yields and productivity, is difficult to estimate, it was an important element in many pre-industrial economic systems. Included within the calculations is the amount of manure produced by the animals and humans of the settlement, as well as the quantities of crop residues. Dependent on the period/culture of interest, the distribution of these fertilisers can be operationalised, altering the productivity of the landscape and the yield of cultivated and natural plants. In addition, by calculating the quantities of manure available, it is possible to test hypotheses about stabling, manure collection and usage as well as agricultural practices.
Wild Resource Exploitation (Plant and Animal)
The exploitation of wild resources, both plant and animal, was an important component of diet and land use amongst not only hunter and gatherer societies but also many past and present agricultural and industrial cultures [51, 52] . Hunting wild animals and gathering wild plants, whether within designated areas, or opportunistically in areas used for other forms of land use, provided differing levels of sustenance to past and current cultures. For cultures that were more heavily reliant on hunting and gathering, the spatial requirements for these activities can be calculated alongside other forms of land use [22] . For those cultures where these activities were only a minor component of the diet, the land necessary to supply wild resources may be contained within other assigned land use categories, e.g., pasturage, and thus not depicted separately. Although large areas of land were often necessary for the exploitation of wild resources, the influence of this type of land use on the environment was typically substantially lower than that of, e.g., crop cultivation or pasturage, and often occurred in regions of the landscape that were less intensively managed.
In addition to terrestrial wild resources, fish, molluscs and other seafood were important components of the diet in many cultures and periods. Although the exploitation of marine resources typically does not necessitate designated land use, these elements are included in the quantifications of the diet. For cultures that did designate land for the exploitation of marine resources, e.g., in purpose-built fish ponds, as discussed by Costa-Pierce Costa-Pierce [53] for ancient Hawaii, and Bannon Bannon [54] for ancient Rome, this area can be incorporated into the calculations.
Structural Factors: Diet, Population and Societal Complexity
The overall scale of ancient land use and the internal distribution of variables is calculated from a diversity of factors such as population estimates, agricultural system in use and, based on archaeobotany and archaeozoology, the plants and animals available to the populace. In addition to these variables, several prescribed conditions, such as calorific requirements, human population dynamics and diet are imposed. Although some of these variables can be inferred, or at least informed, by the archaeological and historical records, many require the use of ethnographic and scientific approaches to be quantifiable. These diverse data are subsequently synthesised and analysed to determine diet, potential populations, exploitation strategies for plants and animals, and the social complexity of the population. In periods when textual sources are available, these can be used to establish dietary preferences and the range of foods consumed, though the texts generally reflect the consumption behaviour of more privileged social classes.
Various strands of archaeological data can be useful in providing a picture of food consumption from a diversity of past populations and social contexts. Archaeobotanical assemblages are studied to determine the proportions of plant species found at archaeological sites, while archaeozoological assemblages are used to determine the proportions of animal species, as well as the introduction of new species 1 . In addition to these sources of data, recent work with stable isotopes on human remains can be used to inform levels of dietary consumption, particularly the proportions of meat and fish [42] , if available in the study region. Through these archaeological resources, the diet of the inhabitants is estimated and expounded upon for those elements, such as dairy and fruits, which are generally not well known for past cultures. The reconstructed diet established dictates the total calories consumed 1 For additional information on these methods and their inherent complications in relation to the Peloponnese see Weiberg, et al. [37] . For basic archaeobotanical limitations see: Pearsall [60, 61] ; for archaeozoology see: Reitz et al. [62] . from cereals, meat, etc. per annum by the population. Unfortunately, for most regions of the world, the distribution of scientific archaeological reports, particularly quantified zoological and botanical assemblages, is limited both spatially and chronologically, thus determining the ancient diet imposes a level of generalisation on any quantification method.
To increase the flexibility and adaptability of the method, particularly in relation to diet, food availability and consumption levels, population demographics are incorporated, divided into age and social status as informed by available sources, i.e., historical accounts and cemeteries. Although this is difficult to determine, general population trends such as increasing, stable or decreasing populations based on the historical and/or archaeological record can be imposed. Social hierarchies existed in most societies and are an important sociocultural factor with an influence on diet and the availability of resources. As such, it is important to account for differing social structures and lifestyles. As these demographic factors can have a significant impact on the diet, and calorific requirements, of an ancient populace, they are incorporated into this method.
The primary contribution of archaeological survey data is estimating relative settlement sizes over time, in both individual settlements and broader regions, corroborated by literary and historical references. Although the use of archaeological data has inherent limitations, such as distinguishing between the various functions of a structure [55] [56] [57] [58] [59] , the data is here used to anchor the method on what has been archaeologically attested, as far as this is possible. In addition, survey evidence can provide insights into the settlement dynamics for a given culture, aiding in the determination of social dynamics employed in the quantifications. The diagrams produced using this data can be compared with evidence from surveys and excavations to determine the feasibility of the diagram and its potential reliability and representativeness.
Based on extensive archaeological evidence, including data from archaeological field surveys and excavations, a social complexity index is established. This index is constructed to estimate changes that can be confirmed for the studied context but are unquantifiable based on the archaeological and historical record and are assumed to vary in scale with societal complexity through the availability of human and other resources needed for their production and use. Variables dependent on this index can include changes in yields, draught animal usage, pottery and metal consumption as well as field sizes and usage of oil/fibre crops, amongst others. By basing these factors on the archaeological record, those elements that are known but indeterminate can be constrained and estimated based on available evidence. The social complexity index is highly dependent on the culture and period of interest and thus must be constructed for each case study.
Calculating Ancient Land Use
Using this method, data gathered from archeology, textual evidence, and ethnography are translated into land surface areas using the sequence of calculations shown in Figure 2 and detailed in Table S1 (with references in Table S2 ) For example, the calculation of the area required for barley cultivation begins with the establishment of the proportion of barley recovered in the archaeobotanical record in relation to other types of cereals. If this quantified information is unavailable, written evidence can be used to determine relative proportions of crops, though this introduces additional generalisations and assumptions to the quantifications. This percentage subsequently defines the proportion of calories obtained from barley in the prescribed diet, and, more specifically, it defines the calories from barley in the diet category 'Cereals'. To obtain the amount of land required to grow the calorific contribution of barley, yield estimates (kg/ha), modified where necessary by the social complexity index for the period/culture studied, are multiplied by calorific content (kcal/kg) to yield the number of calories per hectare (kcal/ha). The final calculation of land use is adjusted to incorporate loss and waste as well as quantifying the degree of storage and preservation for planting in the upcoming year. These calculations yield the amount of land required per capita, which is subsequently multiplied by the prescribed population of the settlement. In addition, where archaeological and written records show that barley was used as a fodder crop, the land required to produce the necessary calories for livestock consumption, with the calories calculated based on estimated dietary proportions for the livestock raised by the inhabitants for meat and secondary products, is calculated and subsequently added to the area required for human consumption to yield the total land required for barley cultivation. Most edible products are calculated in a similar fashion, with some, such as olive oil in the case of the Mediterranean world, having additional components added due to their functions outside of diet, while non-dietary elements, such as coppicing or pollarding for firewood, are calculated based on the needs of the populace.
Although there are several variables and minor assumptions inherent in the calculations (Figure 2 ), there are two fundamental assumptions that, when altered, have the most significant individual impact on calculated land use. Dietary reconstructions estimate the proportion of the daily calorific requirements provided by each cereal, legume, secondary product and meat source. The second fundamental assumption, crop and pasture yields, affects all elements of the calculations and requires careful consideration and the input of a range of realistic yields. By altering these two assumptions in the subsequent section, the robustness of the technique is tested as well as the flexibility of the calculations and their adaptability to changing social, agricultural, topographical and climatic conditions.
Applying the Method: Results of a Case Study
To test the representativeness of the calculations, data gathered for the Peloponnese was employed to inform the quantifications [37] . To establish a test population, we use a hypothetical average-sized city-state in the Classical to Early Hellenistic Peloponnese (ca. 500-200 B.C.E./2450-2150 BP) with a population of 3800, modelled on Halieis in the Argolid [63, 64] . By using a single period, and maintaining the same population estimate and social complexity index, the sole factor that is altered is that being analysed. The results are presented in Figures 3 and 4 , in which the size of the circle diagrams illustrates the changing hectare values and thus the total size of the land footprint given the alternations of the input. To aid in the interpretation of the circle diagrams, the raw numerical data and a win-loss diagram is included in Table S3 . Table 1 ). The raw numerical results and win-loss diagram are presented in Table S3 . 
Diet
General interpretations of average consumption in the Classical Greek world can be extracted primarily from literary sources. These stress a dominant cereal component with smaller amounts of pulses and legumes as well as some animal protein [65, 66] . Further data is available for the Roman military diet [67] and that of slaves prescribed by Cato (Agr. [56] [57] [58] , though the basic diet of people during antiquity, and the degree of variation within the populace, is uncertain. The use of an average diet assumes a relative uniformity in the population and the availability of a reasonably healthy diet to everyone throughout antiquity, both factors that are difficult to establish and would have varied substantially with the presence of social hierarchies.
By changing the diet of the inhabitants as illustrated in Table 1 , substantially different results are obtained (Figure 3 ). This fundamental factor, estimated based on the archaeological and historical record, directly affects all elements of the calculations. Increasing meat consumption, for example, increases not only the amount of pasturage necessary, but also field crop cultivation to supply the fodder requirements of the livestock. This is reversed in the diet prescribed for slaves and poor, which shows little pasturage, that of sheep and goat is primarily for secondary products, while oxen, mules, donkeys and horses remain represented at the same levels due to the social complexity index remaining constant. By including different estimated diets, reflecting the potential diversity that would have been found in the ancient world, the flexibility of the method is shown to accommodate variation in ancient diet and the impact changes in the prescribed diet can have on the quantifications.
Productivity/Yield
Agricultural yields for the ancient Peloponnese are derived from a wide variety of sources including modern ethnographic work [68, 69] , experiments [70] , scholarly conjecture [71, 72] and input from the Roman agronomists (Columella R.R. III.3.4 and Varro R.R. I.44.1-2) as detailed in Table S1 . As these yields are substantially lower than those possible in the modern world with advanced crop genetics, fertilisers, pesticides and mechanised farming 3 , it is important to estimate a range of potential yields for the past, although this can introduce a degree of speculation into the diagrams. The flexibility of the yields, and the use of ranges, that can be employed in our calculations allows the method to be highly adaptive to changes in fertility as expressed by topographical, climatic or pedological conditions, as can be seen in Figure 4 , which uses an arbitrary value of ±50% in yields to demonstrate the robustness of the technique. Table S1 , with references in Table S2 , for yields used in this study). The raw numerical results and win-loss diagram are presented in Table S3 .
Although yields are altered by ±50%, these changes have an uneven effect, demonstrating the ability of this method to explore complexity, with decreased yields being more noticeable due to the already low values ascribed for the Peloponnese. By altering estimated yields, differences become apparent whether yields are increased or decreased, with increased yields resulting in a substantial decrease (66%) in the quantity of land used (134.8 km 2 to 88.4 km 2 ), while decreasing the yield has an opposite, and stronger, effect with an over 100% increase in land required (134.8 km 2 to 275.3 km 2 ), as seen in Figure 4 . These changes in total land use based on yield are important to explore due to the variability of the landscape within a region, which would have varying levels of fertility based on soil composition, microclimate and topography.
Discussion
Circle diagrams provide a standardised method for comparing sites, regions and cultures with different quality and quantities of archaeological data by providing a quantitative framework that is built to accommodate the uneven distribution and quality of archaeological data. Although archaeological and historical records often do not include vital information such as population, diets and crop yields, the application of modelling approaches can allow archaeologists to explore hypotheses about ancient life [74] . As shown in Section 3, by altering the fundamental assumptions of the technique, the diagrams can be adapted to a wide range of social, political, environmental and technological changes through space and time, allowing researchers to explore a wide range of questions about ancient land use, agriculture and the resilience of past peoples to climatic change.
The strength of the circle diagram methodology lies in its flexibility in quantifying and illustrating the archaeological and historical records in areas and periods where basic data may be variable and/or difficult to interpret. These uncertainties are generally of two types. The first set relates primarily to the numbers used for animal body weights, calorific content of food items and dietary needs of humans and animals. These are primarily gathered from modern datasets, for example, calorific contents are derived from the USDA National Nutrient Database for Standard Reference released in 2016 [75] , for which there are generally stipulated uncertainty ranges, though these may have been different in the ancient world. In addition, as illustrated by the case study (see Section 3.2), the accuracy of ancient yield estimates, for example, is an important underlying factor in the accuracy of the output (Figure 4) . As this element, for which little or no ancient data is available, has the potential to dramatically overor under-estimate the overall land use of the populace, as well as the relationship between land use systems, it is vital to estimate ancient yields as realistically as possible and be fully transparent in the yields inputted into the method. As crop yields naturally fluctuate, these underlying estimates have one of the most significant impacts on the calculated land use requirements and approximations of the impact of changing agricultural practices and technologies on productivity.
The dominant set of uncertainties is connected to things for which we need ancient records, such as diet, population, proportions of different cultivars and animal use, which are reconstructed principally from the archaeological and historical records. For these reconstructions, the uncertainties cannot fully be measured. In these cases, the flexibility of our method to allow the testing of alternatives is key and we believe this provides a way to move ahead despite the uncertainties involved. One of the key issues in quantifications for past populations is diet. Establishing the diet associated with the population of interest is an important limiting factor that can have a substantial impact on resulting land use calculations. It is necessary to gather all available evidence and establish potential ranges, accommodating, where possible, differing social statuses and availability of dietary variability. For example, the diets established for the Peloponnese were based on textual sources [76] , isotopic studies [42, 77] , and scholarly approximations (for example, the workshop at Uppsala University in October 2016 where the details of the Peloponnesian evidence were discussed). Although none of these sources precisely reconstruct the diet of ancient people, they allow for relative approximations of ancient diets, and their ranges, to be produced, which can subsequently be tested using the quantitative framework presented here. If, for instance, the nutritional requirements to keep a person alive are not met, then the prescribed diet is incorrect or an important nutritional source, such as fish or mineral springs, has not been considered. By using ranges of potential diet, dietary variability can be accounted for based on a diversity of exogenous and endogenous factors including, for example, seasonal diversity, differential access to foods, and climatic change. The use of ranges also enables the exploration of questions about the availability of foods to the population, potentially based on social conditions, as well as the relative healthiness of the inhabitants and their diets.
The question of diet, therefore, is intimately connected to societal demographics, and, like diet, population estimates have an important overall impact on the reconstruction of total land use for a given site or period. Estimates of population can be calculated based on relative, period specific, population and settlement densities derived from the archaeological record. Such data may include settlement evidence from archaeological field survey [55, 63] , excavations of settlements and their residential buildings [64] , cemetery assemblages [78] , and, more recently, summed radiocarbon dates [79, 80] . Our quantifications can be used to assess the reliability of such estimates and to explore different scenarios and population alternatives. Per capita calculations can allow for discussions of economic and technological developments over time and space with a neutral population change. The application of estimated populations helps to determine the extent of human land use in different periods and regions as well as the overall quantity of land required by the populace. Additionally, population dynamics of a settlement, that is the social and demographic composition of the population, can have a significant impact on resulting land use, with elites in stratified societies typically demonstrating a richer and more diverse diet with larger land use requirements than poor and slave populations, as shown by our calculations based on a hypothetical Greek city-state (Figure 3 ) [81] [82] [83] . Dietary diversity and availability of food stuffs and secondary products is dependent on many factors including the societal complexity of the culture in question and internal social dynamics. For example, at sites employing large quantities of slaves as labourers, such as a Roman villa or imperial estates, the variations in diet and food availability are important factors in estimating land use. In addition, sites such as these that relied primarily on slave labour were more likely to practice extensive rather than intensive agriculture due to the interests of the landowner in producing profit through export [84] . In addition, such sites might neglect or employ technological advancements differently than other site-types in the region, for example the reaping-machine employed in the Gallic regions (Pliny HN 18.296). The flexibility of population dynamics also allows for explorations of questions of the efficiency of agricultural practices in the past and the potential impact of social, political and technological decisions and developments on agriculture and land use.
Applications for Quantitative Land Use Modelling
As noted above and in [22] , the synthesis of data presented in a circle diagram forms the basis for a new approach to quantitative modelling of human-environment interactions. In particular, the sociocultural characteristics that determine per capita demand for agricultural land, pasture, settlements, managed woodland, etc., generally represent factors that cannot be predicted on the basis of the properties of the physical environment, and are largely missing from current approaches to land use modeling. The HYDE (History Database of the Global Environment) land use model, for example, assumes a nearly constant per capita land use throughout the world and throughout history [3, 8] . Circle diagrams such as those presented in Figure 3 demonstrate immediately that per capita land use varied considerably within a specific period and society, under exactly the same properties of the physical environment. Furthermore, the circle diagram represents the variety of land uses present, and, qualitatively, the degree of influence that a particular use has on the landscape. By contrast, most current earth system models that used anthropogenic land cover change scenarios (e.g., [8, 85] ) treat land use simply as deforestation on any land that is naturally forested. In future modeling efforts, use of the circle diagram methodology as a first step will provide the essential information for distinguishing different types of land use and allow the representation of a spectrum of effects of anthropogenic land cover change.
Ultimately, by incorporating archaeological and historical data in regional and global land use models, more accurate depictions of anthropogenic land cover change and their influences on land cover, biogeochemical cycles, and global and regional climate can be produced. These new models will greatly improve our understanding of human impact on the environment in the past and present, and potential pathways for the future [86] . Furthermore, in its depiction of the typical characteristics and amount of land use in any given location, this method may be adapted to the anthromes classification system. It would be possible, for example, to provide one or more characteristic circle diagrams for each anthrome category [6] . Circle diagrams can thus aid in the interpretation of anthrome maps, making these more accessible to a wider audience. Circle diagrams of anthrome categories can also provide a bottom-up basis for translating anthromes into quantitative land use estimates, increasing their usefulness for understanding spatial and temporal variations in demand for energy, water, and food, and humanity's influence on land cover, ecosystem services, biodiversity, and other properties of the earth system.
Resilience and Vulnerability
Quantitative models of human-environmental interactions and ancient land use can provide a powerful tool for exploring the impact of environmental change on society and vice versa. Although past resilience strategies varied significantly based on locale, technology, agricultural system and ideological beliefs, the principal approaches of storage, trade and, dependent on the circumstances, tribute are found amongst most societies in the past and present [87] . These strategies enabled past societies to adapt to changing ecological and environmental conditions as well as endure periods of socio-political or environmental hardship without immediately collapsing [88] . With the help of custom built quantitative frameworks, hypotheses regarding the sustainability of past societies can be tested by altering the degree and method of storage as well as incorporating trade and/or tribute into the calculations. The incorporation of the output of such calculations into coupled models of human and natural systems further enables the testing of hypotheses about the impact of exogenous and endogenous environmental change on past societies and their resilience to changing conditions.
The question of storage and the proportions of foods preserved is difficult to quantify though essential in understanding past land use. The degree of storage can have a significant impact on overall land use and would, naturally, have varied on a yearly and seasonal basis depending on the productivity of the harvest, population growth or decline and storage conditions, though most pre-industrial populations sought to store enough produce for a failed harvest in the upcoming year [31] . By altering assumptions about the storage of crops, particularly cereals, the quantity of land required by the population can be dramatically altered. For example, a population seeking to store enough food to last through the next year with an entirely failed harvest would require twice as much arable land compared to a group that grew only the quantity of cereals needed to feed the population for the upcoming year. Dependent on the type of site that is being studied, there may also be differences in the quantity and types of goods stored for the consumption of the inhabitants, with those reliant on trade or specialisation in a particular product (for example, olive oil in Roman Spain [89] ), likely storing significantly different levels than those practicing basic subsistence. Quantifications of these issues provide an estimation of the land use impact of changing storage practices, such as the introduction of granaries or the usage of storage pits, in a manner that can be altered on a seasonal or yearly basis dependent on the climatic or sociocultural conditions being analysed.
The presence/absence of trade and tribute is particularly important in discussing the interconnectedness of settlements in each period and the resilience of a population at times of stress. For example, the land required to feed ancient cities such as Classical Athens, is well documented to have greatly exceeded the arable land available in the immediate vicinity [90, 91] . Similarly, Sparta relied heavily on Messenia to support its citizen population [92] . In both cases, the land use influence of the city was dispersed far beyond nearby lands, extending to other regions and population groups. Other regions, e.g., those that involved in specialised agricultural and/or secondary products such as olive oil or fleece [93] , relied heavily on trade networks to not only disperse their products for profit, but also to bring in foods and resources potentially not produced in sufficient quantities to support the population in the region [94] . By employing the methodology presented here, land use for cities and regions reliant on trade or tribute can be estimated by increasing or decreasing the spatial requirements for foodstuffs, such as the importation of grain to Rome or Athens [90, 91] , or non-dietary products such as pottery resulting in a decrease in wood requirements [95] . Such results can then be used for assessments of the impact that changing trade patterns or sociocultural conditions would have had on the populations in question.
Conclusions
Our method for quantification of ancient land use holds significant potential for the archaeological and land use modelling communities as a means of synthesizing complicated land use circumstances in the ancient world, though, as this paper highlights, it is necessary to input as reliable and detailed data as possible to accurately quantify, illustrate and understand the scale of human presence in ancient landscapes and its possible consequences. Although the limitations placed on this method are noteworthy, the method allows for the archaeological and historical record to be employed in a novel way that is designed to stimulate discussion, present where our gaps in knowledge are and, ultimately, encourage archaeologists and historians to explore these missing data and view the ancient world from a different perspective.
To most realistically depict land use in an archaeological study region, all driving assumptions must be grounded as concretely as possible on archaeological and textual records, despite their unevenness. The application of quantitative frameworks allows for the identification of significant gaps in knowledge about the ancient world, for example, regarding questions of population and diet, as well as the impact of major shifts in sociocultural conditions and technological advancements. This technique allows researchers to explore these questions, amongst others, and their potential impact on the environmental footprint of past cultures, in a quantifiable and illustrative way, while retaining centrality on the material and textual sources.
While a diverse variety of data sources can inform the calculations, their limitations culturally, chronologically, and geographically cause difficulties in studying land use in the ancient world. The flexibility of the method presented in this paper facilitates testing hypotheses about ancient agriculture and land use and exploring different alternatives for the needed agricultural, demographic and dietary information that is mostly missing in the ancient records. As future research is conducted, the quantifications used and the results produced by this method can also subsequently be tested and corrected, as need be, allowing for a continuous updating of the quantifications and their depiction in circle diagrams.
Supplementary Materials: The following are available online at www.mdpi.com/2073-445X/7/1/9/s1; Table S1 : Spreadsheet displaying the values and quantifications employed in the construction of the circle diagrams depicted in the results section; Table S2: References for Table S1 . Table S3 : Raw numerical values composing the circle diagrams and a win-loss chart of the changes in land use depicted in Figures 3 and 4 .
